Abstract-A control method is described to charge seriesconnected ultraelectric double-layer capacitors (ultra-EDLCs) suitable for photovoltaic generation systems in combination with a maximum power point tracking (MPPT) control method. The EDLC charge control method allows the maximum power acquired by the MPPT control to be quickly charged into seriesconnected ultra-EDLCs no matter how the weather conditions may change. In the MPPT control, the output current of the solar arrays is controlled so that the output power converges on the maximum power in the prediction line previously determined based on the linearity between the maximum output power and the optimization current. The proportionality coefficient of the prediction line is automatically corrected using the hill-climbing method when the panel temperature of the solar arrays is changed. The EDLC charge control is performed with the three charge modes, i.e., the constant current charge mode, constant power charge mode, and the constant voltage charge mode while supervising the maximum voltage and allowable temperature of each series-connected EDLC. Effectiveness of the methods is verified by simulations and experiments.
I. INTRODUCTION

S
TUDIES of photovoltaic (PV) generation systems are actively being promoted in order to cope with environment issues such as the green house effect and air pollution. PV generation systems have two big problems that the efficiency of electric-power generation is very low, especially under low irradiation states, and the amount of the electric power generated by solar arrays is always changing with weather conditions, i.e., the intensity of the solar radiation. A maximum power point tracking (MPPT) method, which has quick response characteristics and is able to make good use of the electric power generated in any weather, is needed to cope with the former problem. Many MPPT control methods have been proposed that search for the maximum operating conditions from the output power and voltage characteristics of solar arrays using differential techniques like perturbation and observation [1] , [2] or fuzzy rules [3] , [4] . However, methods to make the output power generated from the installed solar arrays quickly arrive at its peak value have not been discussed. Although an enhanced hill-climbing method was recently reported [5] , [6] , there are difficulties in the algorithms because parameters are needed during the tracking process. This leads to a larger time to reach the maximum power. A method to refine the response characteristics of the output power was also proposed [2] that searches for the maximum point so that the derivative of the output power with respect to the output voltage of solar arrays becomes zero. However, there are problems in controllability to search for the maximum point at lower solar radiation, because the derivative of the output power with respect to the output voltage also drops as the solar radiation decreases. Thus, a new practical MPPT method is studied here that can quickly reach the maximum output power determined by the solar radiation at that time, even in poor weather conditions, by simplifying the tracking process. The inherent features of solar arrays regarding the maximum output power should be well understood to realize a practical MPPT controller. To do so, there are two approaches, theoretical and experimental ones. The former has difficulties in identification of parameters involved in the maximum power because the parameters are always changing according to environmental conditions such as temperature and solar radiation. Thus, it is very difficult to find control conditions regarding the maximum theoretically. Therefore, control conditions regarding the maximum power are determined here based on the facts found through experimental results obtained in measurements for more than six months [7] . Next, in order to use the maximum power obtained by the MPPT control efficiently, high-speed energy storage means with a huge capacity which can accumulate quickly and efficiently the acquirable maximum power changing according to weather conditions is needed. Here, ultraelectric double-layer capacitors (ultra-EDLCs), which can charge and discharge quickly, are used as the storage means. The EDLC is characterized by having a low voltage (rated voltage: 2-3 V) and a huge capacity (more than 10 000 F). Therefore, a number of ultraEDLCs have to be connected in series in order to enable EDLC application to PV generation systems to generate high voltage 0278-0046/$25.00 © 2007 IEEE Fig. 1 . PV generation system to link the utility and loads through charging means using series-connected ultra-EDLCs.
by connecting solar arrays in series and parallel. Investigations regarding applications to PV power generation systems are actively being done that use EDLCs for load leveling [8] and as uninterruptible power supplies [9] . However, hardly any control methods to charge uniformly series-connected EDLCs while maintaining MPPT control conditions changing according to weather have been studied until now [10] , [11] .
Then, a control method to charge series-connected EDLCs for PV generation systems combined with MPPT control is proposed here [12] that can regenerate a surplus of the acquired power to utility lines while maintaining MPTT control conditions. This method is characterized by charging a number of series-connected ultra-EDLCs while managing the maximum voltage in the EDLCs and the allowable temperature of each ultra-EDLC without adding a circuit, which supervises the voltage of EDLCs individually. Thus, the reliability, which is the most important subject when used as a power source, can be improved. Moreover, since the maximum power acquired by the MPPT control under various solar radiations is charged into ultra-EDLCs, the utilization effectiveness of the acquired solar energy can be improved.
II. PV GENERATION SYSTEM TO LINK A UTILITY AND LOADS Fig. 1 shows a structure of the PV generation system, which makes it possible to distribute the electric power generated by solar arrays to utility and loads. In the system, the first dc/dc converter driven by the MPPT controller acquires the maximum power that solar arrays can generate at that time. The second dc/dc converter regulates the voltage output from the first dc/dc converter so as not to exceed the isolation voltage of all the series-connected ultra-EDLCs. Further, charging control for series-connected EDLCs is performed while supervising the maximum voltage and allowable temperature of each EDLC, so that the maximum power acquired by the MPPT control, which the solar arrays can generate at solar radiation of that time, can flow into the EDLCs. The charged solar power is transmitted to the utility through the pulsewidthmodulation (PWM) inverter or it is transmitted to loads or the utility through the dc intermediate circuit of the power converter system composed of a converter (rectifier) and an inverter. The goal of this paper is to realize an EDLC charging controller for the PV generation system to make it possible to charge a number of series-connected ultra-EDLCs with the maximum power acquired through the MPPT control according to the solar radiation at that time even if weather conditions change. To do so, by combining the MPPT controller with the function which can acquire the maximum power without being influenced by weather conditions with the EDLC charging controller, it is necessary to constitute the EDLC charging controller so as to be controlled based on the optimization current and voltage references determined from the maximum power acquired by the MPPT controller.
Thus, MPPT and charging control methods to respond to these demands for PV generation systems are studied here.
III. CONTROL RULE FOR PERFORMING HIGH-SPEED MPPT CONTROL
In order to perform the MPPT control, a control rule to determine references for controlling the optimization current or voltage, which gives the maximum power, is needed. Although various methods to determine these references have been proposed until now, there are no easy methods to overcome the inherent features of solar arrays that it is hard to precisely and quickly obtain the references in regions where the intensity of the solar radiation becomes small. In order to solve this problem, a new control rule should be found. If relationships between the maximum power P max output from solar arrays and the optimization current I max are clarified, it is possible to comparatively easily form an MPPT control rule. Here, the theoretical and experimental approaches are studied. First, the theoretical relationships are given by (1) and (2) based on PV characteristics equations [13] 
where I 0 is the reverse saturation current, T is the junction temperature, n is the free electron density related to conduction current, e is the electronic charge, k is the Boltzmann's constant, and J s0 is the current component flowing in reverse to the following dark current I when light is irradiated on the p-n junction. Then
where V is the terminal voltage of solar arrays. Accordingly, the numerical analysis of (1)-(3) must be done to prove the linearity of P max and I max theoretically [14] . To do so, it is necessary to grasp concretely the physical parameters which have appeared in (1)- (3). Since these parameters must be estimated from the completed solar arrays while also considering various changes of environmental conditions, it is almost impossible for general users to evaluate. Then, the MPPT control rule is built up here experimentally based on P -V (I-V ) characteristics that are inherent characteristics of the solar arrays which can actually be measured.
A. Construction of the MPPT Control Rule Through Experiments
Measurements were made in three seasons from summer (August) to winter (the following February) and times from sunrise to sunset. The data, for about every 5-min interval, were automatically collected by a PV curve tracer. As a result, Fig. 2 shows that the optimization current which gives the maximum power output from the solar arrays linearly varies with the maximum power as long as the temperature is kept constant even if the solar radiation changes. Thus, from the viewpoint of controlling output power of solar arrays, attention is paid especially to the linearity between the optimization current and the maximum output power. In order for the obtained linearity between optimization current and the maximum output power to be useable as the MPPT control rule under the condition that weather changes variously, it should be further proved under different weather conditions, especially, those conditions when the temperature becomes high. Then, the linearity between optimization current and the maximum output power was further examined during the summer season when the panel temperature of solar arrays increased to 50
• C. As shown in Fig. 3 , experimental results prove that the linearity between the optimization current and the maximum output power is maintained even when the panel temperature of solar arrays is high. However, since the comparison between Figs. 2 and 3 shows that the proportionality coefficient of the linearity varies with the temperature, variations of the proportionality coefficient which occur due to the temperature change should be compensated for. Thus, based on the facts, a control rule can be derived that makes the optimization current converge on the prediction line with the proportionality coefficient estimated before the panel temperature of solar arrays changes. Here, the proportionality coefficient can be estimated from the peak value of P (output power)-I (output current) characteristics obtained using the hill-climbing method. The estimation has to done more quickly than the panel temperature change.
B. Verification of the Linearity Between the Optimization Current and the Maximum Output Power Using Other Solar Arrays
In order for the control rule proposed in Section III-A to be accepted as a general rule for the MPPT control, it is necessary to examine whether the linearity between the optimization current and the maximum output power holds true for other solar arrays. Figs. 4 and 5 show the relationship between the optimization current and the maximum output power for solar arrays made by Solarex and Kyosera, respectively. Experimental results indicate that the linear relationship between the optimization current and the maximum power is maintained for each temperature. Thus, it is guessed that the linear relationship between the optimization current and the maximum output power, which was found through experiments, is generally satisfied for solar arrays made from silicon. Therefore, the linearity between the maximum output power and optimization current is adopted as the cardinal rule of MPPT control.
IV. MPPT CONTROL METHOD USING THE LINEARITY BETWEEN THE MAXIMUM OUTPUT POWER AND THE OPTIMIZATION CURRENT
A. Principal of the MPPT Control Method
As shown in Fig. 6 , the prediction line corresponds to the locus drawn when the maximum point on the characteristic curves of the output current and power moves according to solar radiation. The output current decides the capability for solar arrays to generate an output power on P -I characteristics. Then, no matter how the solar radiation varies with weather, the output current is appropriately controlled so that the operating point always reaches the maximum on the prediction line. Since how to control the output current differs between the lower side (Field I) and the upper side (Field II) of the prediction line, the output current control is executed by dividing into two regions; Fields I and II. As shown in Fig. 7 , the maximum output power point is reached in Field II by making the current increase, whereas it is reached in Field I by making the current decrease.
First, the region where the operating point exists is judged by comparing between the output power P n (n) generated from solar arrays at time n and the maximum power P m (n) on the prediction line which corresponds to the output current I(n) detected at time n. That is, the operating point lies in Field I if P (n) is less than P m (n), whereas, it lies in Field II when the opposite is true [P (n) > P m (n)]. Here, the output power P n (n) can be estimated from (4) using the output current I(n) and voltage V (n) detected at time n
The maximum power P m (n) on the prediction line which corresponds to the output current I(n) flowing from the solar arrays at time n can be estimated from the previously obtained prediction line given by (5)
Here, a(T ) is a parameter which is automatically determined by the MPPT controller using the hill-climbing method in order to compensate for temperature change of the solar arrays.
1) Control Rule in Field I:
When it is judged that the output power P n (n) at time n is less than P m (n), the following procedure for Field I is executed. The current reference I pr (n) in this region must be controlled so as to reach the maximum power I p (n) while making the output current decrease by ∆I(n). Then, the permissible maximum amount is examined here so that the operating point can reach its targeted maximum most quickly
Judging from Fig. 7 , as the controllable range of the output current is between the short-circuit current I sc and the optimization current I p , it is given by inequality On the other hand, Fig. 8 shows that I p is proportional to I sc even if temperature is changed as given by (8) [15] . This is because the short-circuit current is almost the same as the photocurrent which relates to irradiation, and the optimization current is proportional to irradiation [16] 
where the proportionality factor k sc is around 0.9, which is independent of temperature. Thus, the reducing rate ∆I(n) of the current reference is given by
If (8) is substituted for (9), ∆I(n) can be obtained as
Therefore, as ∆I(n) should be less than the value of the right term of (10)
is applied as the value of ∆I(n), which satisfies (10). As a result, the current reference I pr (n) is given by (11) as the control rule by which the detected I(n) arrives at I p1 on the prediction line of Fig. 9 . This procedure enables the output current to arrive at the maximum point within the minimum time as the optimization current reference is made using the largest possible reducing rate ∆I(n)
2) Control Rule in Field II: This is the region where the output power arrives at its maximum by increasing the output current of the solar arrays until the output current becomes the optimization current I p2 on the prediction line of Fig. 9 . The prediction line shown in Fig. 9 , which corresponds to Fig. 6 , is approximately given by
For example, k p , which is equivalent to a(T ) in (5), is 16.3 in the case of Fig. 6 . If the output current I(n) at time n agrees with the optimization current I p (n), the maximum output power P m (n) on the prediction line is given by (13) . However, in this case, as shown by Fig. 9 , when the actual Fig. 9 . Skeleton of the proposed MPPT method to control the output current of the solar arrays so the prediction line is followed.
operating point B 1 (I(n), P (n)) exists in Field II, P m (n) is smaller than the generated output power P (n), as given by (14) . Accordingly, the targeted maximum power should be larger than P m (n). Then, the optimization current reference I pr (n) is increased by (15) so that the output current I(n) can arrive at the point where the power difference ∆P (n)(= P (n) − P m (n)) becomes less than the given error. This procedure is repeated until the detected current I(n) agrees with the optimization current I p2 on the prediction line. In this process, as the optimization current reference is determined by the shortest possible distance between the operating point and the prediction line, the output current can arrive at the maximum power within the minimum time
B. Algorithm for Performing the Proposed MPPT Control Method
The control procedure cited above is summarized in the flow chart shown in Fig. 10 . First, the generated power P (n) output from the solar arrays is estimated by detecting the output current I(n) and voltage V (n) of the solar arrays. Next, the detected output current I(n) is supposed to agree with the optimizing current on the prediction line, then, the maximum output power P m (n) is calculated using (13) . The region where the output current I(n) is involved is judged by comparing between the estimated P (n) and the calculated P m (n). When the estimated power P (n) is larger than the calculated power P m (n), it is judged as Field II. Otherwise, it is Field I. In the case of Field II, the optimization current reference I pr (n) is calculated using (15) , and in the case of Field I, it is done using (11). The output current I(n) is regulated by the current controller so as to agree with the obtained optimization current reference I pr (n). This procedure is repeated until the maximum output power P m (n + 1) at (n + 1) time is equal to P m (n) obtained in the former process, that is, the output current equals the targeted optimization current. When this condition is obtained, the maximum power that can be generated at the solar radiation at that time is output from the solar arrays.
C. Verification of the Proposed MPPT Control Method by Experiments
The proposed MPPT controller is characterized by having the ability to control the generated power output from the solar arrays even under lower solar radiation. Thus, in order to verify the performance, it is necessary to evaluate the generated power and its power response at low solar radiation. Fig. 11 shows the experimental results of these characteristics at low solar radiation around 18%(= 0.18 kW/m 2 /1 kW/m 2 ) of the maximum solar radiation which determines the rated output power of PV generation systems. P -V (V -I) characteristics of Fig. 11(a) show that the solar radiation lies in low states which can generate only the maximum power of around 17.5 W. However, Fig. 11(b) shows that the proposed MPPT control method has the ability to quickly acquire the maximum power of 17.5 W that solar arrays can generate with the speed of about 0.15 s.
V. ULTRA-EDLC CHARGING METHOD FOR PV GENERATION SYSTEM
A. Principal of an Ultra-EDLC Charging Method
Fig . 12 shows the block diagram of a method to charge the power generated by the solar arrays to a number of seriesconnected ultra-EDLCs, and Fig. 13 shows a flow chart for explaining the operations of the ultra-EDLC charge controller. Here, an ultra-EDLC is applied that has the capacity of 2000 F; the rated voltage V c1 of 2.3 V; the maximum voltage V c max of 2.6 V; the rated current I RL of 10 A; and the permissible maximum temperature T * c of 50
• C. The ultra-EDLC charge control is performed using the following control rule made based on these electrical characteristics peculiar to ultra-EDLCs.
1) Temperature Management:
Temperature management of ultra-EDLCs is very important for the protection of the ultra-EDLC charge system together with over voltage protection. Then, if the maximum temperature of each ultra-EDLC is detected, the flow of electric power will be changed to the direction of P 3Nor shown in Fig. 13 so that the electric power P 2 generated by the solar arrays may not flow to the ultra-EDLC side: P 3Nor (= V cs × I cs ). This power flow of the generated power P 2 is changed by the power flow selector. As shown in the figure, the maximum power that can be generated in solar arrays is taken into the capacitor C 1 by the MPPT controller as P 1 , and this acquired electric power P 1 is accumulated once in the capacitor C 2 as P 2 on the input side of the ultra-EDLC charge control system. Moreover, the electric power P 2 is accumulated into capacitor C 4 , as P 3Nor and finally the power P 3Nor is returned to the utility through the PWM inverter. In the states that the generated power is flowing to the direction of P 3Nor , the system does not have the ability to accumulate the maximum power acquired by the MPPT control according to the electric power generated in the solar arrays. Thus, applications like this which directly return the generated electricity to the utility side, or which directly use it for loads are limited. When the temperature of each ultra-EDLC is less than T * c , the following normal charge control is performed. 2) Charge Modes: As the proposed ultra-EDLC charge controller controls the charging current based on the maximum power acquired by the MPPT control, it has the ability to quickly charge a number of series-connected ultra-EDLCs with the maximum power that can be generated in solar arrays for the weather conditions of that time. The ultra-EDLC charge control has three charge modes, i.e., the constant current charge mode (CCCM), constant power charge mode (CPCM), and the constant voltage charge mode (CVCM).
In the CCCM and CPCM, the charging current reference I R is made through the following procedures. The large charging current flowing into the EDLCs occurs in the initial charging state when the ultra-EDLCs are hardly charged, i.e., the state that the total voltage V CS of the series-connected ultra-EDLCs is small. Thus, in order to avoid this phenomenon occurring in the initial state, the EDLCs are charged with the charge mode so that the current reference I R is kept at the rated current I RL (10 A in case of this paper), as given by (16) . Thus, the initial charge mode is called CCCM since the ultraEDLCs are charged while controlling the charging current with constant I R
When continuing charging into the ultra-EDLCs with the CCCM, the value of V CS gradually increases, and the situation appears that it is impossible to control I R at the rated current I RL , i.e., the situation occurs that I R drops rather than the rated value I RL . Then, the charge mode is shifted to another mode. In this charge mode, the charging current reference I R is determined based on the power P 2 input into the ultra-EDLCs that is acquired through the MPPT control, as given by
Since the power input into the ultra-EDLCs is kept at P 2 for this mode, this charge mode is called CPCM here.
When the largest voltage V c max in series-connected ultraEDLCs reaches the rated voltage V c1 by charging the ultraEDLCs through the CPCM, the charge mode is shifted to the CVCM, which is controlled so that the largest voltage V c max is kept at the rated voltage V c1 . Here, if the charging current I cs exceeds the rated current I R when the charge mode is shifted to the CVCM, the charge mode will be changed after suppressing the over current by current control of the CCCM. The charging processes are completed when the charging current stops changing and hardly any charging current flows under the CVCM.
After finishing the charging processes, the resultant signal is sent to the power management controller, and the power stored in ultra-EDLCs is transferred to the loads or the utility via the PWM inverter, as shown in Fig. 1 .
B. Verification of the Proposed Ultra-EDLC Charge Control Method
Figs. 14 and 15 show the verifications of the proposed ultra-EDLC charge control method by simulations and experiments, respectively. The simulations were performed under the conditions when the electric power P 2 obtained by the MPPT control was 80 W and the rated current I R was 10 A. The EDLC was connected to five-piece series. In the CCCM, the charging current was controlled while being kept at 10 A and then the charged power was regulated at the desired power (80 W) by the charge control of the CPCM. When the largest voltage in five series-connected EDLCs increased to 2.3 V, the charge mode was shifted to the CVCM, as shown in Fig. 14(d) . After shifting to CVCM, the changing of the charging current was stopped and then the charge processes were finished, and there was hardly any flow of the current. As shown in Fig. 15 , even in experiments, the same characteristics could be obtained, and then effectiveness of the proposed ultra-EDLC charge control method was verified as making efficient use of the power generated from the solar arrays.
VI. CONCLUSION
This paper proposed a control method to charge seriesconnected EDLCs for a PV generation system in combination with the MPPT control method. The MPPT control was performed based on the fact that is a linear relationship between the maximum power and the optimization current giving its maximum. The linearity was satisfied even if the solar radiation was changed as long as the temperature of the solar arrays was kept constant. When the temperature changed, the proportionality factor was corrected by the proper value determined through the hill-climbing method. As the MPPT control used the linearity, which made it possible to quickly obtain even a small power generated under low-solar-radiation states, it could make good use of the acquired solar energy, regardless of the weather. The maximum power acquired by the MPPT control was stored into the series-connected EDLCs by performing the ultra-EDLC charge control with the three modes, i.e., CCCM, CPCM, and CVCM. The CCCM and the CPCM operated the charging current so as to keep it at the rated current and the current determined from the power obtained by the MPPT control, respectively. The CVCM operated so that each voltage of the ultra-EDLCs was uniform. The ultra-EDLC charge controller with these three modes made it possible to obtain quickly and precisely the power generated from the solar arrays.
